The organization of the higher order structure of chromatin in chicken erythrocytes has been examined with tapping-mode scanning force microscopy under conditions close to their native environment. Reproducible highresolution AFM images of chromatin compaction at several levels can be demonstrated. An extended beads-on-astring (width of ～ 15-20nm, height of ～ 2-3nm for each individual nucleosome) can be consistently observed. Furthermore, superbeads (width of ～ 40nm, height of ～ 7nm) are demonstrated. Visualization of the solenoid conformation at the level of 30nm chromatin fiber is attained either by using AFM or by using electron microscopy. In addition, tightly coiled chromatin fibers (～ 50-60nm and ～ 90-ll0nm) can be revealed. Our data suggest that the chromatin in the interphase nucleus of chicken erythrocyte represents a high-order conformation and AFM provides useful high-resolution structural information concerning the folding pattern of interphase chromatin fibers.
Visualization of chromatin folding patterns in chicken erythrocytes by atomic force microscopy (AFM) INTRODUCTION
Owing to the tremendous packing density and folding complexity in mitotic chromosomes, analysis of chromosome architecture has recently focused on interphase chromatin structure. To date, a number of models for the chromatin folding pattern have been proposed [1] [2] [3] [4] [5] [6] . However, insufficient evidence has been obtained to confirm any of these model structures under native condition.
The atomic force microscope is now emerging as a useful tool in biological research, AFM can image biological molecules under conditions close to their native environment. So far it is the only-microscope that can achieve nanometer scale resolution on biological samples under native condition. Recently a number of different biological samples have been imaged including DNA and chromatin [7] [8] [9] [10] [11] . In some cases, AFM provides more clearly resolved images of the chromatin fibers than attained using electron microscopy.
It is our aim to use AFM to reveal the chromatin packing model within the nucleus of chicken erythrocytes. Evidence for the presence of the solenoid conformation at the level of ～ 30nm chromatin fiber is presented. However, the flat zig-zag ribbon was rarely observed. Furthermore, tightly coiled chromatin fibers (～ 50-60nm and ～ 90-110nm) could be demonstrated. Reproducible high-resolution AFM images of individual nucleosome and linker DNA could be revealed very clearly along chromatin fibers. In addition, surperbeads arranged with irregular distance along the extended beads-on-a string were visualized. Our data suggest that higher-order chromatin conformation might exist in the interphase chromatin.
MATERIALS AND METHODS

Samples
Preparation of samples for electron microscopy: Nuclei from chicken erythrocyte were isolated essentially as described by Zhu et al [12] . Nuclei were spread on water according to Gall, J.[13] with some modifications and fixed for 10 sec. with 2.5 % glutaraldehyde, washed with PBS, then stained with 1% phospho-tungstic acid and 1% urany! acetate in 70 % EtOH, rinsed with water and air-dried.
The grids were metal-shadowed for electron microscopy analysis. In addition, sections of chromatin for TEM analysis were prepared and examined with a transmission electron microscope as described by Belmont et al.[14] .
Atomic force microscopy of chromatin: For AFM analysis, isolated nuclei were spread on a nanopure water surface for 2, 5 and 10 min. Chromatin was deposited on mica which was pretreated with 1% APS (3-Aminopropyl Triethoxysilane). APS treatment markedly improved adhesion of spread chromatin to mica. Excess liquid was blown off with nitrogen gas. Tapping mode images were obtained on a nanoscope III AFM (Digital instruments, Santa Barbara, CA), using nanoprobe silicon tips, scan rate 1-1.5 HZ.
RESULTS
AFM images of the first level of DNA packing into nucleosome
Experiments were performed using the three-dimensional imaging capabilities of a atomic force microscope, which makes the imaging of chromatin fibers possible under a native and less damaging conditions. After hypotonic lysis, the nuclear contents were released. Samples of native chromatin isolated from chicken erythrocytes were An extented beads -on a string structure could be repeatedly observed. Individual nucleosome cores and linker DNA could be resolved clearly along chromatin fibers (Fig 1b-d) . The mean height of nucleosomes measured in tapping mode AFM was ～ 2-3nm and the mean width was ～ 15-20nm. Our results are similar to those of W Fritzsche et al[15] . Furthermore, a superbeads conformation with irregular distance along chromatin fibers could be detected. The mean height of superbeads was ～ 7nm and the mean width was ～ 40nm (Fig 1c) . We suggest that this kind of arrangement might be related to some biological function.
AFM images of ~ 30nm chromatin fibers
The ～ 30nm chromatin fibers observed in eukaryotic nuclei are considered as a discrete level in a hierarchy of DNA folding. However, the details of the higher order of folding in chromosomes and interphase nuclei are still incompletely understood. So far, a number of models have been proposed, including a solenoid model [16, 17] , a helical ribbon model [18, 19] and others [20, 21] . However, insufficient evidence has been obtained to confirm any of these model structures under native condition. In the present study, a solenoid conformation has been revealed either by using AFM or by using electron microscopy. Especially, it can be clearly visualized in the more loosely folded and extended 30nm chromatin fibers (Fig 2, Fig 3) . Fig 2 shows that the nucleosome core and linker DNA are tightly folded into ～ 15 nm chromatin fiber. Then, ～ 15nm chromatin fiber is further folded into ～ 30 to 35nm and ～ 60nm chromatin fibers. Belmont et al (1994) have used light microscopy and serial thin-section electron microscopy to examine the chromosome decondensation during G1 progression in synchronized CHO cells. Data showed that in early G1 nuclei 100-130nm chromonema fibers could be traced. However, more extented and less condensed 60-80nm chromonema fibers could be predominantly detected in late G1 and early S phase nuclei [14] . We have used the same method to examine the nuclei of chicken erythrocyte, and the chromatin fibers in these nuclei were also visualized (data not shown).
The organization of the higher order chromatin fibers above the 30nm chromatin fibers in chicken erythrocytes
In the present study, the organization of the higher order structure of interphase chromatin in chicken erythrocytes has been examined with AFM. After hypotonic lysis, nuclear contents were released. In some cases, largely intact chromatin was still retained (Fig 4) . The clear images of the higher order structure of interphase chromatin in chicken erythrocyte were thus obtained. The chromatin fibers (～ 30- 35nm, ～ 50-60nm and ～ 90-110nm ) as three higher-order interphase chromatin conformation could be visualized (Fig 5 a-d) . Furthermore, looping of chromonema fibers from the border region of the spherical chromatin could be visualized and chromatin fibers were folded in very symmetric model (data unpublished).
DISCUSSION
Owing to the limitation of techniques, the details of the higher order of chromatin folding, which predominate in interphase nuclei and chromosomes are still unclear. There is considerable debate as to how the nucleosomes and linker DNA are organized within chromatin fibers.
The goal of this study was to reveal the chromatin folding pattern in chicken erythrocyte nucleus by using a tapping mode scanning force microscopy, which can image native biological structure using simple, rapid sample preparations without the need for staining or metal coating. So far, it is the only microscope that can achieve nanometer-scale resolution on biological samples under native conditions. AFM is now emerging as a useful structural approach to study the higher order packaging of DNA in chromatin. In the present study, several levels of chromatin folding have been visualized in the nucleus of chicken erythrocytes. The "beads-on-a string" chromatin structure could be consistently observed. Interestingly, clear visualizations of the solenoid conformation (～ 30nm) were demonstrated either by using electron microscopy or by using AFM. In addition, owing to the milder spreading conditions, the higher order chromatin conformation could be revealed. Our data demonstrated that these higher order 30nm chromatin fibers were further folded into ～ 60nm chromatin fibers. Then, ～ 60nm chromatin fibers were, in turn, folded into ～ 90-110nm and more larger chromatin fibers. We postulated that after hypotonic lysis the nuclear membrane was broken, and the nuclear contents were released from the chichen erythrocyte nuclei. In some cases the nuclear scaffold might be retained and the high order conformation of chromatin could be visualized.
From our data it appears that the interphase chromatin in the nucleus of chicken erythrocyte is not amorphous in texture, but can be folded into higher order chromatin conformation. In addition, a superbead structure could be occasionally visualized, especially in the loosely extended region of chromatin. We suggested that the conformation of superbeads might be related to a specific functional structural unit. It might be responsible for the gene expression and regulation.
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